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Abstract
The waxes in petroleum can precipitate and form unwanted gels and deposition
when exposed to low temperatures. The idea of this chapter is to approach
methods of quantification and physicochemical and morphological characterization
of waxes and how this information can help in understanding this deposition.
Information such as the quantity of waxes and the chemical structures in the oil is
fundamental to predict the possible deposition and its ability to aggregate with
other crystals. For example, the knowledge about the wax morphology may
contribute to explain the nucleation and growth of the deposits. The polarized light
microscopy, the most common technique to visualize wax crystals, and the bright-
field microscopy, the most simple technique, able to show crystal details that have
not been seen on the polarized light, was used.
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1. Introduction
Petroleum is a complex mixture of hydrocarbons of varying nature and small
fractions of nitrogen, oxygen, sulfur, and metal compounds. At room temperature,
petroleum can be gas, liquid, and/or solid, being considered as gases and solids
dispersing in a liquid phase [1]. Under high temperature and pressure, as encoun-
tered at reservoirs (e.g., 8000–15,000 psi and 70–150°C), Newtonian rheological
behavior prevails, whereas at low temperatures the pseudoplastic behavior is com-
monly found [2].
A large portion of the Brazilian oil production comes from offshore fields, from
the pre-salt layer. These oils have high levels of waxes, which are alkanes (linear or
branched) encompassing carbonic chains of 15–75 carbons [3, 4]. This class of
compounds has a high precipitation potential, due to the low sea temperatures
(about 4–5°C) [5–7]. In temperatures below the wax appearance temperature
(WAT), the wax crystallization takes place with subsequent deposition [2]. The
wax deposition is dominated by the molecular diffusion mechanism [8] in which
the waxes initially precipitate at the cold pipeline walls and subsequently generate a
radial gradient of precipitation causing deposit [9, 10]. This can lead to a strong
waxy crystal interlocking network, which causes pipeline clogs and dramatically
affects the rheological fluid behavior [9, 11–13].
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Gelation and deposition problems, leading to increases in yield stress and losses
in production, are probably connected to wax morphology. This chapter aims to
show some techniques to characterize the structure and morphology of wax crystals
based on four pre-salt Brazilian crude oils, all provided by Petrobras, under differ-
ent shear conditions, aging times, and temperatures. In addition, some physico-
chemical characterization techniques are discussed as density, viscosity, and SAP
(saturated, aromatic, and polar). The wax quantification is the harder part of the
study of crude oils, due to the petroleum complex matrix, which can cause compli-
cations related to the wax crude oil separation; however, through differential scan-
ning calorimeter (DSC) measurements, it is possible to obtain a precipitated wax
content as well as through some American Society for Testing and Materials
(ASTM), Universal Oil Products Collection (UOP), gas chromatography (GC), and
others.
2. Morphological characterizations
Due to the petroleum multicomponent nature, the wax precipitation occurs
heterogeneously, and resins and asphaltene molecules, inorganic solids, and corro-
sion products, among others, can behave as nuclei for the phenomenon, enhancing
the flow assurance issue [14].
Waxes crystallize into basically orthorhombic and hexagonal shapes. The ortho-
rhombic form is needle-shaped, and it is found in crudes with high waxy content
[15, 16]. Crystallization kinetics and crystal morphology can be highly affected by
some recognized factors, such as cooling rate [13, 17–23], carbonic chain nature
(branched or linear and average length) [21], resins and asphaltene content
[2, 7, 24, 25], and shear rate [16, 26–28].
The polarized light (PL) optical microscopy is the fundamental technique for
wax crystal examination [24]. According to [29] it allows verifying the anisotropic
optical behavior of crystalline materials, named birefringence. This technique uses
two cross polarizers. When the light beam passes through crystalline structures, as
wax crystals, the polarized light plane is altered generating a visible image pattern.
On the other hand, isotropic structures, which do not exhibit the same level of
organization, are not able to modify the light plane. Apart from PL microscopy, the
bright-field (BF) microscopy regards another important technique for wax crystal
visualization. The procedure is very simple, and no artifacts are employed in the
optical path.
Figure 1 shows BF and PL micrographs of P1 Brazilian crude oil, for the same
point of the coverslip, at 25°C, as received, i.e., without any thermal treatment. All
Figure 1.
(A) BF and (B) PL micrograph of P1, for the same point of cover slip at 25°C, as received.
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the aliquots of crude oil in this chapter were observed on optical microscope Axio
Vert 40 MAT (Carl Zeiss).
The BF technique (Figure 1a) provides lower contrast than PL technique
(Figure 1b); however, it can be seen that in BF micrographs the wax crystal is
continuous, i.e., the structure appears and integrates, without rupture. On the other
hand, PL micrographs show “dark cracks,” i.e., the wax crystals do not appear
entirely. These “dark cracks” can be attributed to two factors: first, amorphous or
low crystallinity regions due to the presence of impurities and second, due to light
extinction positions, related to the parallel orientation of polarizers and the crystal
organization, i.e., no light is deflected by the sample [30]. Therefore, much atten-
tion should be taken to make length measurements in crystals observed by PL
technique. According to these results, to determine the size and crystal shape (as
verified by BF) can be critical to avoid erroneous measurements. In this work, the
length measurements were performed on images obtained by BF, but the PL images
are shown due to easy observation.
Another characteristic of wax crystals that can be seen in Figure 1a is a rough-
ened surface. The roughness, as well as the tortuosity of wax crystals, can be
attributed to a heterogeneous nucleation and growth, by the presence of
asphaltenes, resins, and different wax chain lengths or the presence of isocycle
[24, 31].
In order to characterize the wax morphology and crystals length in dependence
of temperature and shear, a continuous cooling protocol was performed (Figure 2).
Initially, the thermal history removal of 100 mL of each oil was carried out by
heating the samples for 2 h at 80°C in a circulating oven model 400-3ND (Ethik
Technology). This condition is sufficient to dissolve all wax present in the crude oil
and prevent that the wax crystal formation was not influenced by pre-existing
nuclei [32, 33]. Secondly, the samples were transferred to a jacketed Becker coupled
to a circulation bath (Haake Phoenix II-C25P - Thermo Scientific). Then, the
cooling step was carried out quiescently or in presence of shear (mechanical agita-
tion 250 rpm on RW20 Digital IKA) for 80–5°C. The cooling rate was 0.5°C/min.
Figure 2 shows the influence of shear on waxy crystal growth of P1–P4 paraffinic
oil comparing the PL micrographs of tests carried out at 5°C, on quiescent and shear
cooling conditions.
It was verified that experiments performed with quiescent condition
(Figure 2A–D) were characterized by large crystals and cluster of crystals when
compared with experiments carried out with shear condition (Figure 2E–H). The
Figure 2.
PL micrographs of test performed at 5°C on quiescent (A–D) and shear (E–H) conditions of waxy crude oils
P1–P4.
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researchers carried out by [2, 16, 34] show that under quiescent conditions, the
waxy crystals were characterized by extended and continuous particles. The
formation of extended and continuous particles allowed a colloidal network that
embodies the oil itself. Probably, the gel would have a high shear modulus, in order
to the side-by-side interactions between particles. Under the shear condition, the
lateral growth of the individual crystals is constricted. However, extended particles
are not observed, and consequently, these particles lost their interconnectivity.
The wax crystals presented in waxy crude oils (Figure 2) are elongated.
According to [16], waxes precipitated in crude oil tend to crystallize in an ortho-
rhombic structure, which is characterized by an elongated structure. Evidently, the
crystals of Figure 2 (and in detail in Figure 1) are not linear (needle-like). The
sinuosity and tortuosity are probably due to the presence of impurities during
nucleation and crystal growth processes [2, 21]. [2] analyzed the aspect ratio, which
is the ratio between the length and the width of a crystal. Based on aspect ratio
value, it is possible to verify how the structure is elongated. The values of average
aspect ratio, at 5°C, of samples P1, P2, and P3, are 5.5, 6.2, and 5.0, respectively,
legitimizing the elongated characteristic. P4 sample has a 4.0 aspect ratio value,
which indicates that the crystals are less elongated than other samples.
Table 1 shows the average length and width of crystals to waxy crude oils P1–P4
in function of temperature for 30, 10, and 5°C, for quiescent and shear conditions,
and shows the average percentage of crystal growth between both cooling
conditions.
For quiescent conditions, it is possible to note the crystal length increases
between 10 and 5°C; however, for shear conditions, the length becomes basically
stationary at these temperatures. This behavior could be attributed to a possible
crystal breakage by the shear, which prevents the crystals from becoming large. The
average percentage of growth between quiescent and shear conditions increases
with the temperature decrease. For 30°C the crystals obtained in quiescent cooling
are about 12.4% higher than that obtained by shear conditions. At 5°C this differ-
ence reaches 25.1%. On the other hand, the crystal width underwent an effective
action of the shear, being about 22.3% less wide than those obtained in quiescent
conditions.
To illustrate the Table 1, Figure 3 shows PL micrographs of P3 obtained at 30,
10, and 5°C during quiescent cooling. This condition resembles the operational
shutdowns when crude oil is cooled. As expected and discussed above, the concen-
tration and size of wax crystals increase with the decrease in temperature. Since the
solubility of high molecular weight waxes decreases sharply with the decrease in
temperature, they precipitate out and crystallize. This result indicates that in low
temperatures, it is more probably to have problems of flow assurance due to pipe-
line blockage occasioned by wax crystal depositions and to the formation of a high-
strength gel, characterized by yield stress [35–37].
Table 1.
Length and width of crystal’s average and growth percentage.
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Another common factor studied on precipitation and morphology of waxy
crystals is the aging time, which represents the influence of the time at a certainly
constant temperature on the crystal wax. PL micrographs in Figure 4 show the
influence of 1 h aging time at temperatures 40, 20, and 5°C, for P4. To study the
aging time influence, first, the thermal history was removed. The samples were
transferred to the jacketed Becker coupled to a circulation bath at 80°C and then
started the cooling steps (80–40°C; 80–20°C or 80–5°C). When the temperature
arrives 40, 20, or 5°C, the samples were kept cool for 1 h at this temperature. The
cooling rate was 0.5°C/min.
It was verified that the aging time favored the increase of crystal length and
appearance of large clusters. This result can be attributed to the Ostwald ripening of
wax crystals, a mechanism by which the large crystals grew at the expenses of
smaller crystals of higher energy. Furthermore, oil uptake can also change the wax
crystal distribution, leading to larger and softer wax crystals that can interpenetrate
increasing intermolecular interactions between crystals [11, 37, 38].
Table 2 shows the wax crystal’s average length at t = 0 h and after 1 h (t = 1 h) at
temperatures 40, 20, and 5°C, as well as the crystal growth percentage in function
of aging time.
Analyzing Table 2, at 40°C the oils P1 and P3 show an increase of about 26.3% in
the length of the crystal after 1 h in an isothermal condition. Under these same
conditions, P2 shows a growth of almost 80.0%. P2 has the WAT at 42.1°C (see
4. Wax quantification), and consequently, there is no visible crystal on microscope
when the temperature just arrives at 40°C. For this reason, the crystal size, in this
Figure 3.
PL micrographs of P3 obtained at (A) 30°C, (B) 10°C, (C) 5°C and during quiescent cooling.
Figure 4.
PL micrographs of tests carried out with P4, at t = 0 h for 40°C (A), 20°C (B) and 5°C (C); and after 1 h at
40°C (D), 20°C (E) and 5°C (F).
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case, was considered 1.0 μm, the microscope detection limit. However, after 1 h at
40°C, this sample presents small crystals of about 4.8 μm. Evaluating a percentage
of growth at 20 and 5°C, a reduction is noticed. The wax crystals seem to grow more
significantly at elevated temperatures. In t = 0 at 5°C, the wax crystal has a large size
due to the temperature decrease, and after 1 h in an isothermal condition, the wax
crystal grows little, i.e., its sizes do not “double” as at 40°C. A smaller variation
was noted between the sample growth percentages at 5°C. This temperature is
close to that observed in the production fields. After 1 h at 5°C, the wax crystals
are 10.3  2.8% higher than when the temperature just arrives 5°C. Generalizing
this information and transferring it to offshore production fields, after a 1-h
stop with the oil at 5°C, the crystals can grow about 10%. Of course, this is a
hypothetical condition because it is impossible to happen, since the cooling rate
in the fields is smaller than that used in this study, which can result in greater
wax crystals.
3. Physicochemical characterization
Due to the complex matrix that is the petroleum itself, the physicochemical
characterization is very relevant in order to address a proper comparison between
the microscopic images, which is a very useful tool in the wax crystal morphology
study. The most common physicochemical characterization techniques are:
• Density: measured mainly by ASTM-D7042. By density (at 60°F = 15.6°C) it is
possible to obtain the °API following Eq. (1). °API is the most general
classification at petroleum industry:
°API ¼
141:5
ρ
 131:5 (1)
• Viscosity: can be also determined by ASTM-D7042 on a viscometer or by
rheological tests.
• Saturated, aromatic, resin, and asphaltene (SARA): can be determined mainly
by Clay-Gel, according to ASTM D2007, thin layer chromatography with flame
ionization detection (TLC-FID) according to IP-469, or by high-performance
liquid chromatography (HPLC) according to IP-368. In this work, SARA
content was obtained by TLC-FID using the IATROSCAN MK-6 (NTS
International), for all paraffinic crude oils.
Table 2.
Average wax crystal length at t = 0 h and t = 1 h at 40, 20, and 5°C and crystal’s growth percentage.
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• SAP: this characterization is less specific than SARA because resins and
asphaltenes are considered together as polars. The SAP contents were
determined by a liquid chromatography separation composed by silica gel
column 60 (2.5 g silica, 0.063–0.200 mm) from Merck, which was used to
determine the SAP content. The column was heated for 10 hrs at 120°C for
activation. Fractions were eluted with 10 mL n-hexane for saturated, 10 mL of
n-hexane/dichloromethane (8:2) for aromatic, and dichloromethane/methanol
(9:1) for polar fractions. Residual solvents were submitted to a rotary
evaporation. This technique was employed only for non-paraffinic (NP).
• WAT: this is one of the main characterizations when working with waxy
crudes, because it gives an idea of the precipitation potential of the oil and
ideas about the wax type. A wide range of techniques can be used to determine
WAT, as microscopy, rheology, and near-infrared spectroscopy (NIR), but the
most used is DSC. In this work, measurements were performed using Nano
DSC differential scanning calorimeter (TA Instruments). The samples were
heated from room temperature to 80°C, at 2°C/min. Then they were held for
15 min at 80°C, following by a cooling step from 80–4°C, at 0.5°C/min.
Kerosene was used as the reference. Before measurements, samples were
homogenized and kept under vacuum for degasification for at least 30 min. A
volume of 300.0 μL of crude was used.
• Gas chromatography: this technique is employed to characterize the carbon
number distribution of petroleum waxes and the normal and non-normal
hydrocarbons. It is oriented by ASTM D5442-17. In this work the GC evaluated
the carbon distribution up to C36.
Table 3 presents some physicochemical characterization of the four paraffinic
P1–P4 and NP oils used as reference of wax absence, also provided by Petrobras. All
crude oils have relatively similar values of density. The paraffinic samples are
considered medium oils, while NP is classified as heavy oil according to the °API
scale. The viscosity varies greatly between samples, with P1 and P3 being the less
viscous. P4 exhibits the highest viscosity at 20°C, being 100 times greater than the
lower one (P3). Non-paraffinic petroleum classified as heavy oil also has high
viscosity (896.8 mPa.s).
WAT is defined as the onset temperature, that is, the intersection point of the
baseline and the tangent line of the inflection point of the exothermic peak
[4, 39, 40]. In crude oils, it is common to observe two exothermic events (peaks).
WAT depends on the concentration and molecular weight of waxes and the chem-
ical characterization of hydrocarbon matrix [41]. Due to the oil complexity, the
Table 3.
Physicochemical characterizations.
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values of the peaks are around 50°C for the first exothermic event and 25°C for the
second; [16, 42] assign the first peak to a liquid-liquid transition and the second to
liquid-solid transition. However, in this paper, the authors believe that each exo-
thermic event refers to a different group of waxes according to the chain length.
[43, 44] declare that n-alkanes with similar carbon numbers can co-crystallize with
the longer n-alkane chains.
Figure 5 shows the thermal curves for all samples obtained by Nano DSC. All oils
have at least two well-defined exothermic peaks. It is possible to note a great
similarity between the WAT values and the intensity of the exothermic peaks in the
curves of the oils P1 and P3. However, the saturated values are quite different
(Table 3). P1 has the 54.0 wt% and P3 has the 63.1 wt%, the highest values between
the samples. Nevertheless, we must keep in mind that not all saturated content
refers to wax; thus, these differences between saturated content among the oils do
not represent the real wax content.
Continuing the analysis of Figure 5, it is noted that P2 was characterized by the
lower WAT values and P4 shows the higher (Table 3), which may be an evidence
that the P2 is composed by short waxy chains and P4 has the longest. According to
[36] the larger the carbon chain size, the higher the crystallization temperature.
Moreover, the first peak of P2 is barely evident which can be a sign of less wax
content. P4 has a second peak very evident, that is, this oil may contain the higher
wax content. However, P4 has the smallest crystals, as discussed before, being on
average 35% smaller than the others are. According to the P4 higher WAT value,
large crystals were expected. Senra et al. [45] suggest a co-crystallization between
chains with different carbon numbers and with other compounds, affecting the
crystal morphology. According to [46] the co-crystallization weakens the crystal
structure and disfavors large crystal formation. This is a plausible hypothesis, since
according to SARA, P4 has 42.7 wt% of resins and the higher content of asphaltenes
(0.65 wt%).
Another curious fact is a possible third peak at temperatures just below the
second, especially for P2 and P4. This peak may represent a third population of
waxes, and as far as we know, it was never reported in conventional DSC analyses.
Possibly this third peak is related to a group of very-short-chain waxes. Based on
this observation, it is verified that the Nano DSC technique presents greater sensi-
tivity to enthalpy variations. In the conventional DSC technique, this third peak
may be masked with the second. According to [19] the conventional DSC is not
Figure 5.
P1-P4 and NP thermal curves behavior.
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sufficiently sensitive to identify WAT for samples with low wax contents; however,
the Nano DSC shows two slight baseline variations for NP sample, even in a low
cooling rate (0.5°C/min). These peaks are very low if compared to other oils due to
the non-paraffinic characteristic of NP, but their presence confirms the sensitivity
of the equipment.
Figure 6 shows the GC graphs of the crude oils P1–P4 and their respective
extracted waxes through the UOP46–85 method (see Section 4). It is possible to
note that the values obtained for the GC of the crude oil (white bars) are dispersed
Figure 6.
Carbon number distribution for P1-P4 crude oil.
Figure 7.
P1-P4 crystal length versus temperature.
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and have a tendency of decrease after around C30. This behavior can be attributed
to the complex matrix of the oil itself. However, the carbon distribution number
obtained from the extracted wax fraction from each oil (dark bars) has a more
plausible chain distribution. For all oils, there is a chain predominance around C30.
Figure 7 shows the crystal length versus temperature for P1–P4. The first
experimental point of the curves is the respective WAT values. This graph is
presented in order to analyze the growth tendency of the wax crystals as a function
of the temperature reduction, as a way to summarize the information previously
discussed.
4. Wax quantification
The wax quantification is more difficult to develop than the other characteriza-
tions. However, some techniques are available:
• GC: as mentioned on 3. Physicochemical characterization, this technique is
employed to characterize the carbon number distribution. In this work the GC
evaluated the carbon distribution up to C36.
• Nuclear magnetic resonance (NMR) correlation: presented by [47], estimates
the wax content of crude oil and their fractions by H NMR spectroscopy. The
method shows good fit for oils with boiling range from 340 to 550°C.
• UOP 46–85 method: estimates the wax content of the crude oil and is defined
as the mass percentage of precipitated material when an asphaltene-free
sample solution is cooled to 30°C.
• DSC integration baseline: is possible to obtain the total thermal effect of the
wax precipitation (Q) by integrating the area of the exothermic peaks. With
this value, the wax precipitated concentration (cw) can be determined
following Eq. 2 [48]. Q is defined as 210 J/g, a constant thermal value of wax
precipitation for crude oils with an unknown molecular structure [49]. WAT is
the WAT temperature itself, and Tf is the final temperature, in this work, 4°C:
cw ¼
ÐWAT
Tf
dQ
Q
¼
Q
Q
(2)
By means of simple math, it is possible to calculate the mass content of precipitated
waxes (w) as shown in Eq. (3), where ρ is the specific mass and Ve is the
experimental volume used to the DSC measurement:
w ¼
cw
ρ:Ve
:100 (3)
The percentages by mass of precipitated wax obtained by the DSC integration
baseline show 3.1 and 2.9 wt% for P1 and P3, respectively. As cited before these oils
have many similarities. P2 has the lowest value (2.2 wt%) and P4 has 4.7 wt% of
precipitated waxes. However, by the UOP 46–85 method, the wax contents in mass
percentage obtained were 3.7  0.3 for P1, 5.7  0.4 for P2, 5.0  0.1 for P3, and
3.6  0.2 for P4. In general, these values are at the same range of the values
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obtained by DSC integration baseline, but they are not in agreement with the values
obtained by this same technique. The UOP 46‒85 method is a traditional way of wax
estimation by very steps extractions, as well as time-consuming, lots of chemicals
and solvents. These many delicate steps have great chances to produce erroneous
results if not done properly [47].
Figure 8 shows the carbon number distribution, obtained through GC, only for
the extracted waxes by means of UOP method. As determined by DSC integration
baseline, P2 has the lowest percentage of waxes, and P4 has the highest. This can be
observed again on the GC graph. According to [50] the GC and DSC analyses can be
used to quantify wax content of crude oils showing reasonable agreement, but wax
precipitation technique, as UOP method, must be corrected due to the presence of
trapped crude oil in the precipitated solid wax crystal.
5. Conclusions
The polarized light microscope is the most used technique to visualize wax
crystals; however, bright-field microscopy shows crystal details that are not seen on
the polarized light. The wax crystals observed have elongated structure, but they
are not linear, i.e., not needle-shaped. They have superficial roughness attributed to
the presence of crystallization interferers such as asphaltenes, resins, organic solids,
and different carbon chain sizes. The gradual temperature decrease favors the
length crystal increases, as well as the increase in the quantity and size of the
agglomerates. Under shear conditions, crystals were observed around 25% smaller
and in less quantity than under quiescent conditions. In addition, shearing promotes
crystal breakage at very low temperatures. The aging time of the oil favors the
crystal growth more drastically at higher temperatures (around 45% after 1 h at 40°
C) than in low temperatures (around 10% after 1 h at 5°C), as well as the formation
of agglomerates. P4 shows the higher content of precipitated waxes by means of
DSC integration baseline and GC analysis, but their crystals were smaller, possibly
due to the higher polar content. The DSC integration baseline is in accordance to the
GC result to wax content determination; however, the UOP method is in disagree-
ment. Another characteristic observed about Nano DSC was the great sensitivity to
obtain WAT values. This technique can identify a possibly third peak precipitation
and two peaks for the NP sample.
This chapter looks at some techniques of wax characterization and quantifica-
tion; however, there are many other techniques that can be used and that present
satisfactory results. The use of combined techniques may assist in the more accurate
analysis of sample characteristics.
Figure 8.
Carbon number distribution for P1-P4 crude oil.
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Nomenclatures
API American Petroleum Institute
ASTM American Society for Testing and Materials
BF brightfield
DSC differential scanning calorimeter
GC gas chromatography
HPLC high performance liquid chromatography
NIR near-infrared spectroscopy
NMR nuclear magnetic resonance
NP non-paraffinic
P1–4 paraffinic petroleum
PL polarized light
SAP saturated, aromatic and polar
SARA saturated, aromatic, resins and asphaltenes
TLC-FID thin layer chromatography with flame ionization detection
UOP universal oil products collection
WAT wax appearance temperature
Q total thermal effect of wax precipitation
cw wax precipitated concentration
Q constant thermal value of wax precipitation
Tf final DSC temperature
w mass content of precipitated waxes
ρ specific mass
Ve experimental volume used to the DSC measurement
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